One sentence summary: The distributions of virio-and picoplankton in the Western Pacific Ocean are controlled by a complex relationship among physical and biological factors that closely link the western boundary current system. Editor: Riks Laanbroek † Yantao Liang, http://orcid.org/0000-0002-2477-8197 ABSTRACT Virio-and picoplankton mediate important biogeochemical processes and the environmental factors that regulate their dynamics, and the virus-host interactions are incompletely known, especially in the deep sea. Here we report on their distributions and relationships with environmental factors at 21 stations covering a latitudinal range • N) in the Western Pacific Ocean. This region is characterized by a complex western boundary current system. Synechococcus, autotrophic picoeukaryotes, heterotrophic prokaryotes and virus-like particles (VLPs) were high (<2.4 × 10 2 -6.3 × 10 4 , <34-2.8 × 10 3 , 3.9 × 10 4 -1.3 × 10 6 cells mL −1 and 5.1 × 10 5 -2.7 × 10 7 mL −1 , respectively), and Prochlorococcus were low (<2.3 × 10 2 -1.0 × 10 5 cells mL −1 ) in the Luzon Strait and the four most southerly stations, where upwelling occurs.
INTRODUCTION
Virio-and picoplankton are the small (<2.0 μm), abundant and diverse life forms in the ocean (Azam and Malfatti 2007) , and they are important in marine biogeochemical cycles (DeLong and Karl 2005) . Marine viruses (i.e. virus-like particles, VLPs), with an estimated global ocean abundance of 10 30 , are the most abundant life form in the ocean (Bergh et al. 1989; Weinbauer 2004; Suttle 2007 ). Viral-induced lysis contributes significantly to the mortality of autotrophic and heterotrophic plankton, and results in a 'viral shunt' where the cellular contents are released into the environment, thus diverting organic material (e.g. carbon, nitrogen and phosphorus) into dissolved pools rather than organic matter being channeled to higher trophic levels (Fuhrman 1992; Wilhelm and Suttle 1999) . About 6%-26% of the photosynthetically fixed carbon is 'shunted' to the dissolved organic matter pool by viral lysis in marine pelagic systems (Wilhelm and Suttle 1999) . Autotrophic picoplankton (Prochlorococcus, Synechococcus and picoeukaryotes) are the most abundant and ubiquitous primary producers in the epipelagic zone, and they account for >50% and at times >80% of the marine primary production (Li et al. 1983; Worden, Nolan and Palenik 2004, 2015) . Heterotrophic prokaryotes (Bacteria and Archaea) are key components of the microbial food web, with significant roles in the utilization, transform, remineralization and sequestration of dissolved and particulate organic matters (Azam et al. 1983; Azam and Malfatti 2007; Jiao et al. 2010) , and recent studies from the Tara Oceans expedition suggest a strong correlation among virioplankton, picoplankton and the carbon export in the oligotrophic ocean (Guidi et al. 2016) . Over the past two decades, marine virioplankton and picoplankton have been extensively studied in a wide range of marine habitats such as estuary, coastal sea, shelf continental sea and open ocean (Wommack and Colwell 2000; Buitenhuis et al. 2012a,b) , showing that virioplankton and picoplankton are ubiquitous and abundant in the epipelagic zone i.e. 0-200 m (Buitenhuis et al. 2012a,b; Flombaum et al. 2013; Liang et al. 2014) . Abundances of VLPs reflect the balance between rates of production and removal. The viral dynamics are influenced by environmental and biological factors that modify infectivity, degrade or remove virus particles, adversely affect adsorption to host and proliferation in the hose cell, e.g. temperature, UV, nutrients, host physiology (Wommack and Colwell 2000; Mojica and Brussaard 2014) . However, how different environmental factors regulate virus dynamics and host-virus interactions is poorly known (Mojica and Brussaard 2014; Knowles et al. 2016) , especially in mesopelagic zone (i.e. 200-1000 m) and deep sea (i.e. >1000 m) environments Wigington et al. 2016) .
To test how environmental factors regulate viral distributions and host-virus interactions in the upper 2000 m of the oligotrophic ocean, here we characterized the distributions of virioplankton and picoplankton at 21 stations from epipelagic (0-200 m), mesopelagic (200-1000 m) and bathypelagic (1000-2000 m) zones covering a latitudinal range • N), including sections of the three biogeochemical provinces, i.e. Kuroshio Current, Western Pacific Warm Pool and Archipelagic Deep Basin (Ducklow 2003; Longhurst 2007) . From the abundance and relationships among virioplankton, picoplankton and environmental factors, we assess the factors that regulate viral dynamics and host-virus interactions in the upper 2000 m of the of the tropical and subtropical Western Pacific Ocean. (Fig. S1 , Supporting Information). Seawater was collected with 5-L Teflon Niskin bottles attached to a rosette sampling system equipped with a Seabird 911Plus CTD probe (Bellevue, USA), including temperature, salinity, turbidity and in situ fluorescence sensors. During this expedition, in situ fluorescence was calibrated against concurrently collected samples of extracted chlorophyll a (Lorenzen 1966; Holm-Hansen, Amos and Hewes 2000; Proctor and Roesler 2010) . The mixed layer depth (MLD) was estimated using the optimal estimation of T = 0.8 • C according to Kara, Rochford and Hurlburt (2000) . Nutrient samples were collected at 5, 30, 50, 75, 100, 150 and 200 m stored unfiltered in acid-washed and MilliQ water rinsed Nalgene bottles at −20 • C and analyzed using a Four-channel Continuous
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Flow Technicon AA3 Auto-Analyzer (Bran-Luebbe, Norderstedt, Germany). The detection limits for NO 3 +NO 2 , PO 4 -P and SiO 3 -Si were 0.03, 0.03 and 0.05 μM, respectively (Han et al. 2012) . The samples (1.5 mL) for flow cytometry analysis were fixed with glutaraldehyde (final concentration: 0.5%), flash-frozen in liquid nitrogen and stored at −80 • C until analysis (Brussaard 2004 ).
Surface chlorophyll a concentration at each station, during the month and year of sampling, was retrieved from the monthly averaged Level 3 MODIS/Aqua data with a resolution ratio of 4 km × 4 km (http://oceandata.sci.gsfc.nasa.gov/).
Virio-and picoplankton counting using flow cytometry
Abundances were determined on an Epics Altra II flow cytometer (Beckman Coulter, Brea, USA) with a 306C-5 argon laser (Coherent, Santa Clara, USA). The autotrophic picoplankton abundance in the epipelagic zone was determined according to the method of Jiao et al. (2002) and identified from plots of side scatter versus red fluorescence and orange fluorescence versus red fluorescence. One micron diameter fluorescent microspheres (Polysciences Inc., Warrington, USA) were added to all samples as an internal standard to calibrate flow rate and cell size and we set the threshold to red fluorescence. Heterotrophic prokaryotes were enumerated according to the method of Marie et al. (1999) . Frozen samples were thawed at 37
• C, stained with the SYBR Green I (final concentration of 10
of the Molecular Probes stock solution) for 15 min in the dark at room temperature prior to analysis and were analyzed at a flow rate of 0.1-1 mL h −1 (using HARVARD PHD2000 APPARA-TUS, Instech Laboratories, Inc., Plymouth Meeting, USA). For the enumeration of heterotrophic prokaryotes, we set the threshold to green fluorescence. Heterotrophic prokaryotes were identified in plots of red fluorescence versus green fluorescence and side scatter versus green fluorescence. VLPs were enumerated according to the method of Brussaard (2004) with some modifications. Samples were thawed at 37
• C, diluted 5-to 50-fold with 0.02-μm filtered Tris-EDTA buffer (pH = 8, Sigma-Aldrich, Darmstadt, Germany) and stained with the SYBR Green I (final concentration of 0.5 × 10 −4 of the Molecular Probes stock solution, Thermo Fisher, Waltham, USA). The diluted samples were heated in the dark at 80
• C for 10 min and cooled at room temperature for 5 min and analyzed at a flow rate of 0.1-1 mL h −1 . For the enumeration of VLPs, we set the threshold to green fluorescence and were identified on the basis of the green fluorescence and side scatter signal. High fluorescence VLPs (HFV) and low fluorescence VLPs (LFV) abundances were identified and enumerated using EXPOTM32 MultiCOMP software (Beckman Coulter). The total VLPs was computed as HFV+LFV. The cytograms of VLPs, heterotrophic and autotrophic picoplankton (not shown) are shown in Fig. S2 (Supporting Information). The depth-integrated abundances of virio-and picoplankton were calculated using a trapezoid model over the depth intervals representing the epi-, meso-and bathypelagic zones.
Particulate organic carbon flux
The vertical flux (F z ; g C m −2 yr −1 ) of particulate organic carbon (POC) was estimated according to Antia et al. (2001) and (Yokokawa et al. 2013) :
F z related to primary production (PP; g C m −2 yr −1 ) for depth (Z; m) greater than 100 m. Primary production was computed for each station using remotely sensed ocean color for the dates that overlapped with the field study periods during November and December 2012. For each station, the PP was retrieved from the standard product of the Ocean Productivity website (http://www.science. oregonstate.edu/ocean.productivity/), which provides primary production estimates based on the Vertically Generalized Production Model (Behrenfeld and Falkowski 1997) .
Statistical analysis
Analysis of variance (ANOVA) and independent t-tests were used to compare the differences among variables using SPSS 18.0 software (SPSS Inc., Chicago, USA). Linear regression (Model 2; Reduced Major Axis) was used to determine the relationship between two variables, both of which have measurement error (Ricker 1973; Blackburn and Gaston 1998) . Before we use the linear regression, we tested that whether the relationship between independent variable and dependent variable was linear using the scatter plot and whether the dependent variable was normally distributed using the Kolmogorov-Smirnov test. Where necessary, the data were logarithmically (base 10) transformed to reduce the influence of extreme values on normal data distribution and meet the normality assumptions of linear regression analysis. Redundancy analysis (RDA) was performed to investigate the relationships among virioplankton, picoplankton and environmental variables in the epi-, meso-and bathypelagic zones using CANOCO 4.5 software (Microcomputer Power, Ithaca, USA). In the epipelagic zone, a matrix of total VLPs, HFV, LFV, heterotrophic prokaryotes, Prochlorococcus, Synechococcus and picoeukaryotes abundances was subjected to factor analysis. A total of 11 environmental variables were used to assess the variation of pico-and viroplankton abundances, including longitude, latitude, depth, salinity, temperature, potential density, turbidity, fluorescence, NO 3 +NO 2 , PO 4 -P and SiO 3 -Si. In the meso-and bathypelagic zones, a matrix of total VLPs, HFV, LFV and heterotrophic prokaryotic abundances was subjected to factor analysis. Seven variables were used to explain the variation of pico-and viroplankton abundances, including longitude, latitude, depth, salinity, temperature, potential density and turbidity. When the abundances of Prochlorococcus, Synechococcus, picoeukaryotes and concentration of nutrients were below the detection limits, the values were set to zero for the purpose of statistical analyses. All variables were logarithmically (base 10) transformed before RDA to reduce the influence of extreme values on ordination scores and to normal data distribution.
The distance-based multivariate analysis for a linear model using forward selection (DISTLM forward) was applied to test the relationships among virioplankton, heterotrophic prokaryotes and environmental variables (Anderson et al. 2004) . The response variable was logarithmically (base 10) transformed and the resulting data were converted into Euclidian distance similarities matrices. In the epipelagic zone, 15 variables were used to explain the variation of total VLPs, HFV and LFV abundance, including longitude, latitude, depth, salinity, temperature, potential density, turbidity, fluorescence, NO 3 +NO 2 , PO 4 -P, SiO 3 -Si, Prochlorococcus, Synechococcus, picoeukaryotes and heterotrophic prokaryotes. In the meso-and bathypelagic zones, eight variables were used to explain the variation of total VLPs, HFV and LFV abundance, including longitude, latitude, depth, salinity, temperature, potential density, turbidity and heterotrophic prokaryotes. Except heterotrophic prokaryotes, other 14 and 7 variables were used to explain the variation of heterotrophic prokaryotic abundance in the epi-, meso-and bathypelagic zones, respectively.
RESULTS
Distributions of environmental factors
A total of 246 samples from 21 depth profiles were collected from the Western Pacific Ocean, among which 146 samples were from the epipelagic zone with the remaining from the mesopelagic (62 samples) and bathypelagic (38 samples) zones. The range, median, average and standard deviation (SD) of the measured variables are in Table S1 (Supporting Information). The MLD ranged from 36 to 114 m over the study area. In the oligotrophic gyre, the MLD (average ± SD) was significantly (t-test, P < 0.001) deeper (86 ±12 m) than the MLD in the Luzon Strait and the four most southerly stations (FSS, i.e. S1-6, N2-3, P15 and P13) near the equator (52 ± 14 m). Surface water temperatures increased from north to south, from 24.7
• C at the northern station N23-9 to 29.3 • C at the southern station N2-3 (Figs 1A and S3A, Supporting Information). Surface chlorophyll a concentration was low (i.e. 0.03-0.26 mg m −3 ) throughout the study area. Turbidity was high between 25 and 50 m in the Luzon Strait and between surface and 100 m at the FSS (white squares in Figs 1D and S3D, Table S1). The distributions of NO 3 +NO 2 , PO 4 -P and SiO 3 -Si were similar and the concentrations were high in the Luzon Strait and the FSS (Fig. S4 , Supporting Information). The cooler, dense, higher nutrient water toward the surface and the shallower MLD suggests active upwelling (Sarhan et al. 1999) The distributions of temperature, salinity, potential density and turbidity in the meso-and bathypelagic zones are shown in Fig. 1 . Temperature decreased significantly (ANOVA, P < 0.001) with depth from 24.9 ± 4.2
• C in the epipelagic to 2.6 ± 0.5 • C in the bathypelagic zone. In the upper mesopelagic zone (i.e. 200-500 m), temperature decreased from north to south, which is in contrast with the epipelagic zone (Figs 1A and S3A). Potential density ranged from 26.6 to 36.9 kg m −3 in the meso-and bathypelagic zones (Table S1 ). In the mesopelagic zone, potential density was low in the N23 and N18 transects (Fig. 1C) . The highest turbidity was in the Luzon Strait and the FSS (Fig. 1D ).
Distributions of in situ fluorescence and picoplankton
In the epipelagic zone, in situ fluorescence (in relative units) ranged from 0.04 to 0.77. The deep chlorophyll maximum (Table S1 ) and were about one order of magnitude lower than Prochlorococcus. The highest abundances of Synechococcus and picoeukaryotes and lowest abundance of Prochlorococcus were at stations in the Luzon Strait and FSS where there was upwelling (Fig. 2C ).
The average depth-integrated abundances of Prochlorococcus, Synechococcus and picoeukaryotes in the epipelagic zone were 4.8 × 10 12 , 4.3× 10 11 and 7.7 × 10 10 cells m −2 , respectively (Table S1 ). The integrated abundance was positively related to the MLD for Prochlorococcus (r 2 = 0.40, P < 0.01, slope = 0.079) and inversely related to the MLD for Synechococcus (r 2 = 0.27, P < 0.05, slope = -0.33) and picoeukaryotes (r 2 = 0.18, P = 0.05, slope = -0.29; Fig. 3 ). Moreover, when the abundances were integrated over the MLD rather than to 200 m, the general patterns were similar, and the slopes (0.096 and -0.27 for Prochlorococcus, and Synechococcus, respectively) and the coefficients of determination (r 2 = 0.38, P < 0.01 and r 2 = 0.20, P < 0.05 for Prochlorococcus and Synechococcus, respectively) were lower. For picoeukaryotes, the relationship was not significant. Heterotrophic prokaryotic abundances decreased significantly (ANOVA, P < 0.001) with depth from a value for all of the stations of 5.2 ± 2.5 × 10 5 cells mL −1 in the epipelagic zone to 0.4 ± 0.1 × 10 5 cells mL −1 in the bathypelagic zone (Table S1 ).
The highest abundances (>8 × 10 5 cells mL −1 ) were in the upwelling areas in Luzon Strait between the surface and 25 m and the FSS between the surface and 50 m ( Fig. 2A , B, D and E). The heterotrophic prokaryotic abundances were significantly related (Fig. S5 , Supporting Information) to the autotrophic picoplankton, i.e. Prochlorococcus (r 2 = 0.40, P < 0.001), Synechococcus (r 2 = 0.27, P < 0.001) and picoeukaryotes (r 2 = 0.20, P < 0.001), as well as in situ fluorescence (r 2 = 0.05, P < 0.01). This latter relationship, although significant, explains only 5% of the variability of heterotrophic prokaryotic abundance. This low explained variance may be due to the in situ fluorescence being a relative rather than quantitative estimate of phytoplankton biomass. In the upper mesopelagic zone, heterotrophic prokaryotic abundances were higher (i.e. >2 × 10 5 cells mL −1 ) on the N23 and N18 transects where water temperatures were higher than at the other stations ( Figs 1A and 2F ). In the lower mesopelagic zone, heterotrophic prokaryotic abundances were highest (>1 × 10 5 cells mL −1 ) at the FSS. In the bathypelagic zone, the abundances of heterotrophic prokaryotes were low (<5 × 10 4 cells mL −1 ) and relatively constant (Fig. 2F) . Based on regression analysis, there was a significant and positive relationship (r 2 = 0.55, P < 0.001) between heterotrophic prokaryotic abundance and the estimated POC flux (Fig. 4) , with a stronger relationship in the upwelling area (r 2 = 0.81) than in non-upwelling areas (r 2 = 0.65).
The average depth-integrated abundances for heterotrophic prokaryotes for all stations were 9.4 × 10 13 , 7.9× 10 13 and 3.5 × 10 13 cells m −2 in the epi-, meso-and bathypelagic zones, respectively (Table S1 ).
Distributions of virioplankton
Total abundance of VLPs decreased significantly (ANOVA, P < 0.001) with depth and the abundances for all the stations were 6.9 ± 3.2 × 10 6 mL −1 , 1.4 ± 0.5 × 10 6 mL −1 and 0.8 ± 0.3 × 10 6 mL −1
in the epi-, meso-and bathypelagic zones, respectively. In the epipelagic zone, the distribution of total VLPs abundance was similar to those of heterotrophic prokaryotes and autotrophic plankton (Figs 2A B, D, E, 5A and S6A). The highest VLPs abundance (>1.2 × 10 7 mL −1 ) was between the surface and 75 m in the FSS (Figs 5A and S6A) . At depths >300 m, the VLPs abundance (>1 × 10 6 mL −1 ) was higher at station N23-9 and the FSS than elsewhere (Fig. 5A ). The average depth-integrated abundances for total VLPs were 1.3 × 10 15 , 1.2 × 10 15 and 6.7 × 10 14 cells m −2 in the epi-, meso-and bathypelagic zones, respectively (Table S1 ).
Based on regression analysis, there was a significant and positive relationship between total VLPs abundance and the estimated POC flux, i.e. r 2 = 0.50, P < 0.001 (Fig. 4) . This relationship was stronger in the upwelling area, i.e. r 2 = 0.81 (P < 0.001), than in non-upwelling areas (r 2 = 0.61).
The abundances of high and low fluorescence VLPs were negatively related to depth (r 2 = 0.76 and 0.67, P < 0.001, respectively, Fig. S7 , Supporting Information). The slopes of depth-dependent decline in HFV (-1.60, 95% CI -1.72 to -1.50) and LFV (-1.99, 95% CI -2.18 to -1.82) were not significantly different. In the epipelagic zone, the distributions of HFV and LFV were similar with total VLPs, heterotrophic prokaryotes and autotrophic picoplankton (Figs 2A, B , D, E, 5A-C and S6A-C). The relative contribution of the two different populations to the total VLPs abundance showed no clear geographical pattern (Fig. 6) .
The virus-to-heterotrophic prokaryote ratio (VPR) increased significantly with depth from 14.6 ± 5.6 in the epipelagic zone to 15.4 ± 4.8 in the mesopelagic zone and to 21.2 ± 9.0 in the bathypelagic zone (Table S2 , ANOVA, P < 0.001). In the bathypelagic zone, VPR was >25 on the N23 transect and the FSS, and the ratio was greater than at the other stations (Fig. 5D) . The LFVto-heterotrophic prokaryote ratio showed similar patterns with VPR, and increased significantly with depth from 13.1 ± 5.5 in the epipelagic zone to 14.0 ± 4.7 in the mesopelagic zone and to 19.5 ± 8.8 in the bathypelagic zone (Table S2 , ANOVA, P < 0.001). The HFV-to-heterotrophic prokaryote ratio was relatively constant and was 1.5 ± 0.5, 1.4 ± 0.3 and 1.7 ± 0.5 in the epi-, mesoand bathypelagic zones, respectively (Table S2 , ANOVA, P > 0.05). Autotrophic picoplankton groups were only measured in the epipelagic zone. The VLPs-to-Prochlorococcus ratio (VProcR), VLPsto-Synechococcus ratio (VSynR) and VLPs-to-picoeukaryotes ratio (VEukR) were 2.1 ± 5.0 × 10 3 , 8.9 ± 9.6 × 10 3 and 2.6 ± 2.1 × 10 4 , respectively, which were similar with the values of the LFVto-Prochlorococcus ratio, LFV-to-Synechococcus ratio and LFV-topicoeukaryotes ratio, respectively. VProcR, VSynR and VEukR were about one order higher than the HFV-to-Prochlorococcus ratio, HFV-to-Synechococcus ratio and LFV-to-picoeukaryotes ratio, respectively (Table S2) .
Relationships among virioplankton, picoplankton and environmental factors
We used RDA to assess the relationships among virioplankton, picoplankton and a suite of environmental factors. In the epipelagic zone, the first RDA axis explained 42% of the total variability in the virio-and picoplankton abundances, whereas the first two RDA axes explained 45% of the total variability in the virio-and picoplankton abundances and 98% of the cumulative variance of the plankton-environment relationship. The RDA shows a significant positive relationship between temperature and turbidity, and heterotrophic prokaryotes, total VLPs, HFV, LFV, Synechococcus and picoeukaryotes, and a significant negative relationship between nutrients, potential density and depth, and heterotrophic prokaryotes, total VLPs, HFV, LFV, Synechococcus and picoeukaryotes (Fig. 7A) . Prochlorococcus was positively related to in situ fluorescence (Fig. 7A ). In the meso-and bathypelagic zones, the first RDA axis explained 57% and 20% of the total variability in the virio-and picoplankton abundances, respectively. The first two RDA axes explained 59% and 23% of the total variability in the virio-and picoplankton abundances and 99% and 90% of the cumulative variance of the planktonenvironment relationship in the meso-and bathypelagic zones, respectively ( Fig. 7B and C) . The RDA shows a significant and positive relationship between temperature and heterotrophic prokaryotes, total VLPs, HFV and LFV, and a significant and negative relationship between potential density and heterotrophic prokaryotes, total VLPs, HFV and LFV ( Fig. 7B and C) . Multivariate regression analysis was used to determine the best predictor variables to explain the variation of the virio-and picoplankton abundances in the epi-, meso-and bathypelagic zones of the Western Pacific Ocean (Table 1 ). In the epipelagic zone, the variability of total VLPs was mainly explained by the heterotrophic prokaryotic abundance (r 2 = 0.46, Table 1 ), in situ fluorescence, latitude, longitude and Prochlorococcus abundance, which together accounted for 63% of the total variation (Table 1). In the mesopelagic zone, the main predictor variables explaining the variation in total VLPs were prokaryotic abundance (r 2 = 0.52, Table 1 ) and depth (cumulative r 2 = 0.56, Table 1), whereas in the bathypelagic zone salinity explained 12% of the variation of VLPs abundance in the bathypelagic zone (Table 1). The variables explaining most of the variability in LFV in the epi-, meso-and bathypelagic zones were similar with the variables in total VLPS (r 2 = 0.53, 0.50 and 0.11, respectively, Table 1 ). The variability of HFV was mainly explained by the heterotrophic prokaryotic abundance in the epi-, meso-and bathypelagic zones (r 2 = 0.76, 0.76 and 0.19, respectively, Table 1 ).
DISCUSSION
Virio-and picoplankton have a fundamental role in the uptake, cycling, export and transformation of biogeochemically and climatically important properties throughout the water column (DeLong and Karl 2005; Suttle 2005; Aristegui et al. 2009; Guidi et al. 2016) . Little is known about how different environmental factors regulate viral dynamics and host-virus interactions, especially in the Western Pacific Ocean (Mojica and Brussaard 2014; Wigington et al. 2016) . To fill this gap, here we reported the distributions and relationships of virio-and picoplankton, and their relationships with environmental factors in the Western Pacific Ocean. The Western Pacific Ocean is a hydrographically complex oligotrophic area and generally constrained by strong and complex western boundary currents systems (Barber and Chavez 1991; Hu et al. 2015) that potentially influence ocean biogeochemical and ecosystem process (Fig. S1 ). This region is well suited to examine the effects of environmental factors on the dynamics and interactions of plankton (Rowe et al. 2012) . As it is affected directly by El Nino Southern Oscillation, the biogeochemical cycling of the Western Pacific Ocean has both a local and global impact (Mcphaden, Zebiak and Glantz 2006; Hu et al. 2015) . Our Western Pacific study area included sections of three biogeochemical provinces, i.e. the Kuroshio Current, Western Pacific Warm Pool and Archipelagic Deep Basin Provinces (Ducklow 2003; Longhurst 2007) . Our studies showed that the hydrographical conditions influenced directly the autotrophic picoplankton and indirectly the heterotrophic prokaryotes and virioplankton in their dynamics (Figs 1, 2 , 5, S3 and S6). The upwelling shaped different patterns of plankton communities as compared with that in other water systems.
Distribution of picoplankton and relationships with environmental factors
The distribution of autotrophic and heterotrophic picoplankton is influenced by both abiotic and biotic variables, such as temperature, light, nutrient availability, grazing pressure and viral lysis (Suttle 2005; Landry et al. 2011; Laws 2013; Chen et al. 2014) . Prochlorococcus is abundant in the epipelagic zone of the Western Pacific Ocean (Fig. 2B) , which is similar to that in the North Pacific gyre areas and Kuroshio region of East China Sea (Campbell and Vaulot 1993; Jiao et al. 2005; Liu et al. 2007; Guo et al. 2014 ). This region is also characterized by very low concentrations of inorganic nutrients (Garcia et al. 2013) . Prochlorococcus can adapt to the oligotrophic gyres by minimizing their cell and genome sizes and maximizing their surface area to volume ratio, hence minimizing their nutrient requirements and optimizing sites for nutrient transport (Chisholm 1992; Partensky and Garczarek 2010; Berube et al. 2015) . These characteristics enable Prochlorococcus to be adapted to the stratified and oligotrophic habitat and effectively compete with other phototrophs, including Synechococcus, in low nutrient environments, such as the oligotrophic ocean (Rocap et al. 2003; Martiny, Kathuria and Berube 2009; Partensky and Garczarek 2010; Berube et al. 2015) . In upwelling areas, where nutrient concentrations were high (Fig. S4) , Synechococcus and picoeukaryotes are more abundant than Prochlorococcus (Fig. 2B and D) . This pattern is consistent with the distributions in continental shelf areas where nutrient concentrations are elevated (Jiao et al. 2005; Guo et al. 2014) . In our study, picoeukaryote abundances were two orders of magnitude lower than Prochlorococcus in the oligotrophic gyre area (Fig. 2B and D) , and this pattern is similar to that reported in the North Pacific oligotrophic gyres, i.e. Station ALOHA (Campbell and Vaulot 1993; Liu et al. 2007 ).
Distribution of the autotrophic picoplankton (Figs 2B-D and 3) suggested potentially important relationship with upwelling and nutrients (Figs 1, S3 and S4) . Prochlorococcus is better adapted to the stratified and oligotrophic habitat (Figs 1, S3 , S4, 2B and 3A). In contrast, Synechococcus and picoeukaryotes appear to be better adapted to the nutrient regime in upwelling conditions (Figs 1, S4 , 2C-D and 3B-C) (Jiao et al. 2005; Guo et al. 2014) . Synechococcus and picoeukaryotes were inversely related to MLD, and Prochlorococcus were directly related to MLD in the epipelagic zone (Fig. 3) . These relationships suggest that water-column stratification may be associated with the structure of marine autotrophic picoplankton community. This result is consistent with observations in the three Southern Subtropical basins of the Pacific, and in the Indian and Atlantic Oceans (Bouman et al. 2011) , which showed that water-column stratification governs the community structure of subtropical autotrophic picoplankton.
In the epipelagic zone, the similar distributions of and significant relationships between heterotrophic prokaryotes and autotrophic plankton (i.e. in situ fluorescence, Prochlorococcus, Synechococcus and picoeukaryotes) imply a close interaction between the supply of organic matter by the autotrophic and use by the heterotrophic plankton (Figs 2A-E and S5) , as has been suggested in previous studies (Serret et al. 2015) . Alternatively, similar levels of top-down grazing pressure, or adaptions to temperature may also have contributed to the covariation in the distributions of heterotrophic prokaryotes and autotrophic picoplankton (Price and Sowers 2004, Tsai et al. 2013 ). In the meso-and bathypelagic zones, the significant relationships between heterotrophic prokaryotic abundances and both temperature and depth (Fig. 7B) suggest that decline of temperature and organic matter with depth may exert an important influence on the heterotrophic prokaryotic abundances, which is similar to that reported in the bathypelagic zone of the Atlantic Ocean (De Corte et al. 2012 . At the FSS, where nutrient concentrations were elevated due to upwelling, the abundances of heterotrophic prokaryotes in the meso-and bathypelagic zones were also higher ( Figs S4 and 2F) . Heterotrophic prokaryotic abundance was also positively related to the estimated POC flux (Fig. 4) , and this relationship suggests that sinking POC from the epipelagic zone influences the distributions of prokaryotes in the meso-and bathypelagic zones (Yokokawa et al. 2013 , De Corte et al. 2016 or heterotrophic prokaryotes are strongly associated with carbon export in the subtropical oligotrophic ocean (Guidi et al. 2016) .
In our study, the integration depth of meso-and bathypelagic zones is 9-fold greater than that of the epipelagic zone. Although the heterotrophic prokaryotes volume specific abundance in the meso-and bathypelagic zones were, on average 7.3-fold (range = 1.6-11), lower than that in the epipelagic zone, the integrated (i.e. 200-2000 m) abundance was on average 55% (range = 47% to 64%) of the integrated water-column (0-2000 m) abundance. The contribution of heterotrophic prokaryotes to the abundance in the meso-and bathypelagic zones is comparable with that in the epipelagic zones in the central Pacific, Southern (∼ 47%) (Yang et al. 2010; Yokokawa et al. 2013 ) and the Atlantic (29% ± 2% and 39% ± 3% in the meso-and bathypelagic zones, respectively) deep oceans (De Corte et al. 2016) . However, abundance alone is not a reliable index of the activity of biogeochemical processes. The volume specific heterotrophic prokaryotic production in the meso-and bathypelagic zones is about 15% and 3% of that in the epipelagic zones of the Western Pacific and North Atlantic Oceans (De Corte et al. 2012; . These results indicated that the prokaryotic activity decreases more rapidly than abundance with depth. Heterotrophic microbial activity in the ocean is likely sustained by organic carbon supplied by primary production in the euphotic zone and the quantity and quality of the organic carbon decreases with depth (Jiao et al. 2010; Giovannoni and Vergin 2012; Hansell 2013; Herndl and Reinthaler 2013; Giering et al. 2014) . This suggests that the rates of microbial growth, production and microbial-mediated carbon cycling will decline with depth (De Corte et al. 2012; . Therefore, even when growth rates are low in the meso-and bathypelagic zones, heterotrophic prokaryotic abundance can accumulate due to an imbalance between top-down and bottom-up processes (Suttle 2005; Tsai et al. 2013) .
Distribution of virioplankton and relationships with picoplankton and environmental factors
The spatial dynamics of virioplankton is influenced by, and correlated with, various factors, including host cell abundance, chlorophyll concentration, temperature and UV radiation (Wommack and Colwell 2000; Mojica and Brussaard 2014) . Perhaps the primary factor is the availability of metabolically active host organisms (Middelboe 2000) . Large variation in the abundance of VLPs at large spatial and temporal scales is related to the abundance and dynamics of their potential hosts (De Corte et al. 2012 Liang et al. 2014; Yang et al. 2014; Wang et al. 2016; Wigington et al. 2016) . Secondarily, physical factors, i.e. UV raidation (Wilhelm et al. 1998 ) and temperature (De Corte et al. 2012) , can also influence viral distributions. Recently, metagenomic studies of viral communities in the Atlantic Ocean, Indian Ocean, Mediterranean Sea and Red Sea showed that the large-scale biogeographical patterns of VLPs strongly influenced by oceanic currents, whereas at the local level, the community is structured by environmental conditions that affect host diversity and distributions (Brum et al. 2015) .
The general abundance of VLPs in the Western Pacific zone was similar to that previously reported in other oceanic waters (De Corte et al. 2012 Liang et al. 2014; Yang et al. 2014) . The distributions of total VLPs and LFV (Figs 5 and S6) were similar to that of heterotrophic prokaryotes, in situ fluorescence, Prochlorococcus and picoeukaryotes abundances (Figs 2A, B, D and E) in the epipelagic zone. DISTLM forward analysis suggested that the variations of total VLPs and LFV abundances were mainly explained by heterotrophic prokaryotes, autotrophic plankton (in situ fluorescence, Prochlorococcus), latitude and longitude (63% and 53%, respectively; Table 1 ), which is similar to the results in the Western and central Pacific and Southern Oceans, and with global-scale survey covering the Pacific, Atlantic and Indian Oceans Liang et al. 2014; Yang et al. 2014) . Similar distribution and significant relationships between VLPs and both autotrophic and heterotrophic picoplankton suggest that most of VLPs in the epipelagic zone may be bacteriophages (including cyanophages) and algal VLPs infecting picoeukaryotes, which was tested and verified by the metagenomic analysis of the flow cytometry sorted VLPs in a single sample collected at 15.5 m depth (Martínez, Swan and Wilson 2014) .
Noteworthy, the r 2 in the DISTLM forward analysis represents a cumulative result, e.g. the r 2 = 0.02 for the Prochlorococcus versus total VLPs abundance in the DISTLM forward analysis, while the bivariate relationship between Prochlorococcus and VLPs abundance (analyzed using linear regression) has an r 2 = 0.31 (P < 0.01).
The total VLPs and LFV abundances were weakly related to the environmental factors (Table 1) of depth (r 2 = 0.04 and 0.04, P < 0.05, respectively) in the mesopelagic zone and salinity (r 2 = 0.12 and 0.11, P < 0.01, respectively) in the bathypelagic zone, and although the relationships are significant, the environmental variables explain <15% of the variability in VLPs abundance. This result is similar to that reported in the North Atlantic Ocean (e.g. temperature, r 2 = 0.08 and 0.04, in the mesoand bathypelagic zones, respectively; De Corte et al. 2012) . Our results suggest that in the mesopelagic zone the abundance and activity of potential host cell abundance are the primary factors that influence VLPs abundance (i.e. r 2 = 0.52). In the bathypelagic zone, only salinity had a significant and negative influence (r 2 = 0.12) on VLPs abundance (Table 1 ).
The HFV abundance was mainly related to the heterotrophic prokaryotes in the epi-, meso-and bathypelagic zones (r 2 = 0.76, 0.76 and 0.19, P < 0.01, respectively, Table 1 ), indicating that a portion of HFV might be bacteriophages with high DNA content, even in the aphotic zones. Metagenomic analysis of the flow cytometry sorted HFV in the epipelagic zone suggests that the HFV were dominated by Myoviridae (48.54%, 26.67% with genomes 150-300 Kb and 21.87% with genomes 30-150 Kb) and eukaryotic algal viruses (32.16%) (Martínez, Swan and Wilson 2014) . However, whether bacteriophages with high DNA content contributed a large portion of HFV in the deep sea still needs further study. The VPR increased with depth from 14.0 ± 5.6 in the epipelagic zone to 21.2 ± 9.0 in the bathypelagic zone (P < 0.001, t-test), and this was mainly due to difference in the depthdependent distributions of VLPs as compared with their available prokaryote hosts. Similar increases in VPR with depth have been previously described (Table 2) for the Atlantic Ocean, the Mediterranean Sea (Magagnini et al. 2007; Parada et al. 2007; De Corte et al. 2012) , the central and Western Pacific and the Southern Oceans Yang et al. 2014 ). We do not have the data from this study to explain high abundance of VLPs as compared with that of prokaryotes in the aphotic zone. However, based on other studies several possible explanations may be the long survival times of VLPs (i.e. 11-39 days in deep sea waters compared with 1-2 days in the surface layer) (Parada et al. 2007; Wilhelm et al. 1998) , the vertical transport to depth of surface-derived VLPs that are attached to sinking particles (Parada et al. 2007) . VLPs that are embedded in particles may decay at slower rates than free-living VLPs (Kapuscinski and Mitchell 1980; De Corte et al. 2012) . The stable concentrations of suspended buoyant particles throughout the water column in the open ocean (Baltar et al. 2009; Bochdansky, Van Aken and Herndl 2010 ) is in agreement with the presumably predominant particle-associated life style of VLPs in deep waters (De Corte et al. 2012) . The significantly relationship between viral abundance and the estimated POC flux also suggests that sinking POC from the epipelagic zone might influence the distributions of VLPs in the bathypelagic zone (Fig. 4) . Parikka et al. (2016) analyzed the VPR data from 210 publications and proposed that low virus-host contact rates and increase of diversity and resistance of host could lead to higher VPR values in less productive environments. Recently, Knowles et al. (2016) reported that VPR is low at high host densities and proposed that the temperate viral dynamics become increasingly important in ecosystems with high microbial densities. This might be another possible explanation of the high VPR in the bathypelagic zone.
CONCLUSIONS
Our study area includes portions of three biogeochemical provinces in the Western Pacific Ocean. Our data show that the distribution of virio-and picoplankton is influenced by the combination of biological factors that are mediated indirectly by water masses dynamics. In the Luzon Strait and the FSS where upwelling occurred, we observed high abundances of virio-and picoplankton. We propose that the distribution in upwelling regions reflects higher levels of nutrients, primary production and food web activities. Our data show that temperature directly influenced picoplankton abundance, viral abundances in the epi-and mesopelagic zones depend on the availability of appropriate host cells and selected abiotic factors influenced viral abundances in the meso-and bathypelagic zones. In the future, community structure and function analysis is required to better understand how environmental factors regulated the viral dynamics and virus-host interactions, as well as the ecological roles of virio-and picoplankton in the biogeochemical cycles in the Western Pacific Ocean. 
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